We demonstrate the growth of highly textured VO 2 nanocrystals via annealing of e-beam deposited amorphous metallic V. Temperature dependent ellipsometry results reveal the pronounced reflection near the IR spectrum above the transition and an almost temperature independent weak reflection in the visible spectrum. The IR reflection displays a strong hysteresis during heating and cooling near the transition temperature at 68°C, indicating a first order transition and a strain-free structure. Our work demonstrates the feasibility to obtain high quality phase change nanostructures that transmit the visible spectrum but reflect IR and is suitable for large scale fabrication.
Introduction
Tailoring electronic structure transitions to tune optical properties is a route provided by only a few transition metal oxides classified as phase change materials. Vanadium dioxide (VO 2 ) is among these materials and has attracted widespread interest recently due its well-known insulator-to-metal transition (IMT). IMT in VO 2 was first reported in 1959 by Morin [1] and this system possesses a phase transition of electronic origin. VO 2 is thermodynamically stable with monoclinic crystal structure with an energy gap of 0.7 eV below the critical temperature (T C ) of 68°C [2] . Above this temperature, VO 2 converts to rutile crystal structure accompanied by a metallic-like state leading to abrupt changes in electrical and optical properties. The emergence of free carriers in the conduction band brings the VO 2 from a transparent state (when below T C ) to a reflecting state (above T C ). The electrical resistance of VO 2 in the metallic phase is reduced by 4-5 orders of magnitude [3] . VO 2 has also attracted attention not only for its electronic transition, which is a result of structural change, but also for its phase co-existence under elastic clamping as demonstrated by Tselev et al. [4, 5] .
With the ever increasing need for materials with new functionalities for integrated circuits and smart surface technologies, VO 2 has entered the agenda of groups focusing on applications and device design. Some interesting examples include thermochromic smart window coatings [6] [7] [8] [9] [10] , tunable antennas [11] [12] [13] , tunable metamaterials [14] , and electronic switch components [15] in integrated circuits. VO 2 can be synthesized both in bulk powder form as well as in thin film form. As the latter is more suitable option for a variety of applications pertaining to device design and surfaces, many groups have investigated the growth of VO 2 films using pulsed laser deposition (PLD) [16, 17] , magnetron sputtering [18] [19] [20] [21] [22] , molecular beam epitaxy (MBE) [23] , e-beam deposition [24] [25] [26] , sol-gel [27] [28] [29] [30] [31] [32] and CVD [33] [34] [35] [36] [37] [38] methods. Some of these attempts also focused on the effect of strain via the choice of the substrate on the phase transition characteristics of this system [39] [40] [41] [42] [43] [44] , while there was at least one work attempting to utilize the MBE method that is known for small scale film growth to obtain high quality VO 2 films on large area substrate [45] . Obtaining high-quality VO 2 films indispensable for high-tech applications is a problem because V can form stable oxides such as V 2 O 3 , V 2 O 5 and V 6 O 13 [46] , i.e., stoichiometries other than VO 2 . Controlling the optical response via tailoring the electronic transition of VO 2 appears as a feasible option, prompting a number of research groups to explore this opportunity in the past few years. A recently emerging potential area of application exploiting the IMT of VO 2 is the thermal management of devices and structures [47] . Such efforts have been the driving force behind a number of scientific studies to understand the characteristics of VO 2 especially when in thin film form.
Suh, Lopez et al. fabricated the VO 2 samples on Si substrate by PLD technique, followed by thermal oxidation to create VO 2 crystal form. They showed that when the semiconductor to metal transition, the width of the reflectivity hysteresis loop at the transition temperature was visible with increasing grain size in VO 2 films and nanoparticles [48] . Apart from implying a first order transition that occurs in nanofilms when clamping effects are negligible, this can be understood as hysteresis of any thermodynamic first order derivative or second order derivative property could originate from the overheating and undercooling as a result of barrier to nucleation. The barrier to nucleating of the new phase can be overcome only via overheating (when going from low symmetry to high symmetry phase) or undercooling (when going from high symmetry to low symmetry phase) where metastable states can exist around the thermodynamic transition point. Aggarwal et al. have grown epitaxial VO 2 films on c-and r-sapphire substrates and investigated the relationship between the growth orientations and the influence of texture on phase transition behavior. They showed that the thermal hysteresis and the transition for VO 2 films on c-sapphire was much more prominent and sharp than those of VO 2 films on r-sapphire, a possible implication of the effect of elastic misfit strains on the transition characteristics. The reason for this difference in IMT characteristics has been explained on the basis of lower grain boundary energy and higher in-plane misorientation in VO 2 films grown on c-sapphire [49] . Kana, Ndjaka et al. deposited VO 2 thin film on glass substrates by radio frequency inverted cylindrical magnetron sputtering. They demonstrated the active modulations of optical constants of VO 2 thin film through controlling the external temperature. They have studied both theoretically and experimentally the relation between the hysteresis loop, which shows the structural phase transition, and the optical constant of VO 2 comparatively [50] . Zimmers et al. deposited VO 2 thin films on r-cut sapphire substrate with a magnetron sputter method and then performed four-probe measurements by forming patterns on the surface to describe the dc voltage induced switching mechanism. They reported that the main mechanism for the dc voltage or dc current induced insulator-metal transition in VO 2 is due to local heating and not a purely electronic effect [51] where they claim that the temperature rise needed for the transition can be provided simply by the intrinsic resistance leading to Joule heating. Hilton group measured the time-dependent conductivity of VO 2 during a photoinduced IMT where they observed a decrease in the necessary flux of photons to induce the metallic phase [52] . These works indicate that the source of the heat necessary to raise the temperature of the VO 2 structure to induce the IMT can have various origins, pointing out to the wide range of applications for this material.
In this paper we report on VO 2 nanostructures grown on [001] Si substrate through annealing of amorphous metallic V films initially grown with e-beam deposition. The controlled Ar atmosphere annealing of the metallic amorphous V generated strain-free structures almost homogeneous in grain size that display the characteristics of stress-free VO 2 . Formation of the monoclinic VO 2 by annealing can facilitate a novel route to create surfaces with optical functionality. We found that e-beam evaporation growth of metallic V and followed by an annealing treatment is practical and straightforward and could be a cheaper option compared or obtaining VO 2 unlike other vacuum coating methods like magnetron sputtering, PLD etc., where precise monitoring of several growth parameters during the process is essential. The technique we used in this work is a thermal evaporation technique where the power is supplied by an energetic electron beam [53] . Thermal evaporation techniques are suitable for large area deposition on substrates. Following the growth of these structures, we carried out structural (XRD and Raman spectroscopy) and temperature dependent ellipsometry experiments that reveal a distinct electronic transition in our samples. While we observe the similarities in reflectivity data of our samples with those reported in the literature around the IMT, our samples display a pronounced lower reflectivity in the visible regime. We discussed the implications of the transition characteristics and the spectrum dependent behavior of the reflectivity in the context of optical scattering processes.
Experimental methods
VO 2 nanostructure films were fabricated by first depositing metallic V films on [001] Si substrate using Torr e-beam evaporation at room temperature. Fabrication of the V thin film was carried out at room temperature by using high purity V (99.9%) as a target placed in the crucible. For metallic V deposition, we chose a W e-beam crucible to deposit because of the high melting point (1890°C) of V. The target was bombarded by an e-beam in a chamber with a base pressure better than 3 x10 −6 Torr and the growth pressure in this work was kept at 6.9 x10 −6 Torr. Film growth rate was tracked by a quartz based thickness monitor to be around 0.5 Å/s. Metallic V growth was followed by heat treatment at 700°C under controlled Ar gas (purity 99.8%) at a flow rate of 2L/min through a 40 mm diameter quartz tube Prior to metallic V depositing, Si substrate was ultrasonically cleaned in acetone followed by isopropyl alcohol for 30 min to remove all contamination and finally dried in a nitrogen atmosphere. The crysta X-ray diffract 90° using a B VO 2 phase at 532 nm laser 50x objective analyzed by a 5kV (model F were perform light incident UV and far IR
Results a
To determine X-ray diffrac shown in Fig In parallel with XRD measurements, we also carried out Raman spectroscopy characterization of the post-deposition annealed VO 2 nanostructures fabricated on Si to confirm the presence of the VO 2 phase. These results are shown in Fig. 3 . In the spectral results, we were able to clearly assign the peak position at 142, 192, 223, 260, 309, 339, 389, 497, 613 cm −1 to V-O and V-V [54] [55] [56] [57] characteristic vibration modes respectively that are both associated with the monoclinic phase, except the Si peak at 520 cm −1 which originated from the substrate. Following structural assessment of our samples, we carried out scanning electron microscope (SEM) analysis to visualize the morphological aspects. Figure 4 shows the SEM images revealing the surface morphology of the as-grown V film sample and the same sample following annealing at 700°C for 120 min. It can be seen that the surface morphology of asgrown V film sample shows an almost featureless surface with very small variations in morphology. After annealing these structures at 700°C for 120 min, a densely dispersed crystalline nanostructure is formed (Figs. 4(c)-(d) ) on the surface with a small variation in particle size. The as-grown V film and VO 2 layer thicknesses are presented using cross section SEM image in Fig. (b) and (e). It was observed that heat treatment at 700°C resulted in a dramatic decrease in film thickness from 548 nm (as-grown V thin film) to 182 nm (VO 2 layer), displaying the extent of a possible volume change in a structure when it goes from an amorphous to crystalline form accompanied by a stoichiometry change. As we observed that our samples consist of homogeneously distributed nano islands of VO 2 over the Si surface, we expected to observe some changes in the critical temperature as well as a smearing of the transition. This expectation was not fulfilled as we shall discuss. In Fig. 5 , we provide the spectral reflectivity results, which are obtained using temperature dependent ellipsometer measurements during heating/cooling for VO 2 layer. The reflectivity curves are obtained from the VASE system that we utilize, which measures the reflectivity directly at different wavelengths and there is no further parametric fitting taking place in the experiments. The temperature is controlled using an in-house designed and built heater stage for the ellipsometer. In Fig. 5(a) and 5(c), we demonstrate the spectral reflectivity of the structures in heating and cooling cycles, respectively. The insets given in Figs. 5(b) and 5(d) shows the details in the visible part of the spectrum. It can be seen that at high temperatures our VO 2 layer provides a pronounced reflection of the incident radiation at infrared spectrum while the visible spectral reflection is both weak and is almost temperature independent. In the cooling cycle, spectral distribution at 80°C has a slight deviation from the spectral distribution of the high temperature curves. This happens in the first measurement of the cooling cycle, where the temperature control is relatively hard. The rest of the spectral curves are in accordance with the expectation for the high temperature regime. This result indicates that such structures will filter out IR wavelength when the VO 2 layer is heated to high temperatures, while transmitting the visible spectrum at all times. Such an outcome is promising especially for thermal management applications using smart materials and coatings. Note that the behavior in the visible reflection is different than what has been reported in literature for solid VO 2 films. In literature, an increase in reflectivity in the visible regime accompanies the increase in temperature in contrast to what we observe in the results in Fig. 5 . Note that the high temperature (> 68°C) reflectivity values in Fig. 5(a) and 5(c) are almost identical. The curves in 5 (c) corresponding to 62°C and 64°C are obtained during cooling and is a consequence of the 1st order transition behavior where the metallic state can persist for some amount of undercooling. We discuss the possible mechanism for the loss of visible spectrum reflection in the coming paragraphs. In Fig. 6 , we provide the heating and cooling cycles in fixed wavelengths at infrared (2100 nm) and visible (700 nm). According to Fig. 6 , as the temperature increases, the reflectivity rather abruptly increases after 68°C, particularly in the infrared region. This temperature corresponds to the IMT in VO 2 where the film passes from the monoclinic crystal structure to rutile upon heating accompanied by a change in carrier density. As one can clearly observe the transition with almost no smearing, it can be concluded that all VO 2 particles behave similarly. Such an outcome indicates that the nanoparticles are almost strainfree and do not suffer from any size-driven effects such as a reduction in transition temperature despite their nano-scale dimension. This phenomenon, i. e., size driven reduction of the transition temperature, is often reported in magnetic and ferroelectric systems where spin and electric ordering accompanies structural symmetry change in the lattice. As we shall show in the next paragraph, we see some hysteresis in the reflectivity around 68°C which indicates that the films are not only strain-free but are also clamping-free, undergoing a 1 st order phase transition as clamping of films undergoing structural transition is reported to reduce the transition to 2 nd order. Such behavior is analogous to ferroelectric thin films undergoing phase transition inducing symmetry changes in the unit cell are shown to exhibit this behavior where the jump in first order derivatives of the free energy disappear and are shifted to second order derivatives [58, 59] . We also present the frequency dependent optical constants in Figs. 7(a) and 7(b) for two different temperatures corresponding to insulating and metallic phases in the IR region, respectively. We extracted the optical constant n and k from the spectral reflectivity data as given in Table 1 . To achieve this, spectroscopic ellipsometry was used to measure the amplitude attenuation (ψ) and phase change (Δ) in the spectral range at incidence angles ranging from 30° to 45°, 5° increments. A basic spline (B-Spline) method was used to determine the n and k optical constant from the measured amplitude and polarization. The B-Spline method is a very flexible approach for modelling the refractive index and it is especially useful for absorbing materials such as the VO 2 [60] . In Table 1 we provide the optical constants at and beyond the near IR region, as the visible spectrum data cannot be explained by the fitting function. This approach assumes the presence of a homogeneously reflecting surface, which is fulfilled at longer wavelengths. Here, our goal is to shed light on the morphological dependence of the scattering process particularly in the visible regime. The resolution of the features decrease with increasing wavelength, a corollary of the Rayleigh criterion, which indicates that features much smaller than the wavelength will appear as a single homogeneous entity in the far field zone. As can be seen in Figs. 7(a) and 7(b) , the variations in the optical constants are damped out, approaching the values of solid monolayer films. This indicates that the nanostructures displayed in Fig. 4 (c) and 4(d) "appear" as a solid film to the IR regime of the incoming light, while the same structure behaves as an array of scatters to the wavelengths in the visible regime. In the large wavelength regime (in the infrared), the incoming wave sees an almost homogeneous medium due to the small grain size (compared to wavelength). However, in the 300 to 400 nm wavelength regime, the wavelength is comparable to the grain size. The geometric dependent scattering and absorption effects become more prominent at this wavelength regime, therefore, increasing the effective optical loss constant of the medium accompanied by low reflectivity. However, the change in the effective optical loss constant upon IMT transition is rather small in the 300-400 nm regime compared to the infrared regime. We attribute the low reflectivity in the visible regime despite an apparent increase in k to geometric scattering effects when the wavelength of the incident radiation is comparable to the nano island size. Therefore, the overall reflectivity change upon IMT in the visible regime is much smaller than infrared. For long wavelengths, after the IMT transition as seen in Fig. 7(b) , the value of n is comparable to or smaller than k, which leads to an enhanced reflectivity in the metallic state in the infrared frequencies that we observe in Fig. 5 . For wavelengths comparable to grain size, the change in k for the metallic state compared to that of the insulator state is relatively small while n is almost constant. Therefore, the small wavelength reflectivity in both the metallic and the insulator states are more influenced by n. As a consequence, similar behavior in reflectivity for both states are observed in the visible.
Conclusion
In this study, we demonstrated that VO 2 nanocrystals with phase change response for optical applications can be obtained by annealing amorphous metallic V thin films. Our XRD results demonstrated a single VO 2 monoclinic (110) peak without any other undesired contributions from oxide phases of V. Using temperature dependent ellipsometer measurements, we demonstrated thermochromic and spectral properties of VO 2 crystalline nanostructures at various temperatures. Our experimental results showed a sudden increase in the infrared reflection above the IMT, while not affecting the reflection within the visible spectrum in almost the entire temperature range of interest in this work. Transition from the insulator phase to the metallic one is sharp, occurs around the bulk transition temperature and is accompanied by a prominent hysteresis, indicating that the nanostructures of VO 2 on Si are clamping-as well as strain-free. The overall reduction in the reflection of the visible regime from the surface can be explained on the basis of the surface morphology of our samples. The surface morphology dependence of the reflected spectrum intensity disappears in the IR regime as evidenced from the agreement of the optical constants extracted from our samples matching that of the homogeneous film results. Our experimental techniques could pave the way for easy, cheap, and mass production of phase change materials, which demonstrated desirable temperature dependent spectral features for energy applications. Funding TUBITAK (115M033).
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